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INTRODUCTION 
Carotid stenosis is the leading cause of ischemic stroke [1]. 
Carotid auscultation is routinely used in the clinical practice to screen 
for the presence of bruit as a marker for asymptomatic carotid stenosis.  
The carotid bruit stems from unstable flow downstream of the stenosis. 
However, auscultation is strongly operator dependent. Carotid bruit 
also presents itself as skin vibrations, due to the propagation of 
stenosis-induced instabilities as mechanical waves. A Laser Doppler 
Vibrometer (LDV) would hence potentially allow us to infer the 
presence of flow instabilities by measuring skin vibrations. The aim of 
this study is to evaluate the proof-of-principle of LDV–based stenosis 
detection in a patient-specific model of a stenosed carotid artery, yet 
accounting for the varying flow rate, flow split and degree of stenosis 
that one may encounter in-vivo. We applied a computational fluid 
dynamics (CFD) strategy and then compared our findings with in-vitro 
LDV recordings, previously performed on a replica of a stenosed 
bifurcation [2], for validation purposes.  
 
METHODS 
Computer tomography angiography images of a 75-year old 
patient with severe stenosis (76%) in the internal carotid artery (ICA) 
were segmented to obtain a model of the carotid bifurcation. Later, 
manipulation of the geometry allowed to reconstruct the healthy lumen 
[3] and to obtain four additional stenotic models with varying degree 
of stenosis (56%, 66%, 86%, 96%) [4]. The six models were meshed 
using VMTK with a spatial resolution of Δ𝑥𝑚𝑒𝑎𝑛 =  1.92 · 10
−4 m, 
previously found to be adequate [5]. The common carotid artery 
(CCA) flow rate and the ICA flow split boundary conditions (BCs) 
were set according to clinical data [6, 7]. Including only plausible 
scenarios, a total of 19 simulations were run. As such, 𝑄𝐶𝐶𝐴 varied 
from 145 to 529 ml/min, and 𝑄𝐼𝐶𝐴/𝑄𝐶𝐶𝐴 flow split from 11.9 to 
70.8%. Blood was modeled as Newtonian fluid with 𝜈 =
 3.3 ∙ 10−6 𝑚2/𝑠. We ran the simulations for three cardiac cycles with 
time step Δ𝑡 =  5 ∙ 10−5 𝑠 using the 2nd order finite-element CFD 
solver Oasis [8]. The pressure traces of the last two cycles were 
extracted from the centerline point located one CCA diameter 
downstream of the stenosis throat. The traces were then high-pass 
filtered to retrieve only its fluctuating components [9]. The logarithm 
of the time integral of their power was used as measure of the intensity 
of flow instabilities 𝐼𝐹𝐼, as shown in equation (1).   
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We evaluated the impact of 𝑄𝐶𝐶𝐴, 𝑄𝐼𝐶𝐴/𝑄𝐶𝐶𝐴, 𝑄𝐼𝐶𝐴, 𝐴𝑟𝑒𝑎𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠, 
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 and 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 on 𝐼𝐹𝐼 of the stenosed models 
by means of linear regression analysis. 
 Furthermore, the Q-criterion, defined as in equation (2), was used 
to visually identify vortexes in the simulations run on the six models 
with average degree-specific 𝑄𝐶𝐶𝐴 and 𝑄𝐼𝐶𝐴/𝑄𝐶𝐶𝐴.  
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The experimental data were LDV recordings of the displacement of 
the skin-mimicking foil put on top of the ultrasound gel (mimicking 
the neck’s soft tissues) in which the compliant replica of the stenosed 
bifurcation was embedded. The flow conditions applied to the in-vitro 
model were in the same range as the boundary conditions of the subset 
of CFD simulations for which 𝑄𝐼𝐶𝐴/𝑄𝐶𝐶𝐴 was kept constant while 
𝑄𝐶𝐶𝐴 varied between 145 and 529 ml/min. To ease the comparison, the 
same post processing was applied to the experimental (EXP) data.  
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RESULTS  
All factors have a positive relationship with 𝐼𝐹𝐼. The poorest 
predictor for the presence of flow instabilities was the stenosis 
severity, which could only account for 12% of the variation in the 
data. The Reynolds number at the stenosis throat was the best 
predictor for 𝐼𝐹𝐼 (Figure 1).  
 Although the magnitude of CFD data is not is the same range as 
the EXP data, since we are comparing two different physical 
quantities, the trend is remarkably consistent.  
 
 
Figure 1. The positive relationship between 𝑰𝑭𝑰 and 
𝑹𝒆𝒚𝒏𝒐𝒍𝒅𝒔𝒔𝒕𝒆𝒏𝒐𝒔𝒊𝒔 holds for CFD as well as for EXP data.  
 
 A qualitative comparison of the vortical structures of the several 
degrees of stenosis is provided in Figure 2. The 56% to 76% stenoses 
harbor more intense flow instabilities than the 86% stenosis. The 
extremely severe 96% stenosis, on the other hand, does not harbor any 
instability, and neither does the healthy subject model. 
 Despite the 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠 of the healthy-subject model is 
comparable to the one of the 86% stenosis and 20% larger than the 
56% stenosis, no unstable flow can be detected in the ICA.  
 
DISCUSSION  
 The aim of this study was to explore the relationship between the 
degree of stenosis, inlet flow rate, and flow split with the intensity of 
the downstream flow instabilities. Our validated CFD methodology 
allowed us to identify vortexes in the moderate and severe stenoses 
(56% – 86%), which quickly dissipated further downstream. Of note is 
that the 96% stenosis did not harbor any flow instabilities because of 
the extremely low, but physiological, 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠𝑠𝑡𝑒𝑛𝑜𝑠𝑖𝑠. This suggests 
that an absence of flow instabilities does not imply the absence of a 
stenosis. Similar conclusions were drawn by a clinical study on 
asymptomatic carotid patients, where they found the sensitivity and 
specificity of auscultation for extreme stenoses to be only 26% and 
49%, respectively [10]. 
 Given the high comparability of the CFD and EXP data, we 
expect the LDV to behave similarly to the routinely used clinical 
methodology (auscultation), but with tool-aided consistency. 
Naturally, the absolute values of 𝐼𝐹𝐼 did not match when comparing 
the data from in-vitro and computational setup since they are from two 
different physical quantities. Nonetheless, our finding is that the 
pressure from the rigid-wall CFD simulations can be used as a 
surrogate measure for wall vibrations. That being said, pressure traces 
from fluid structure interaction simulation (FSI) would perhaps have 
been even better correlated. Of note is also that intra-arterial pressure 
measurements were available from in-vitro recordings. The catheter 
was, however, found to affect the downstream-stenosis flow field, 
thereby making the comparison with CFD data unfeasible.  
 Furthermore, from the in-vitro experiments we observed that the 
LDV also detected changes in flow rate. For extreme severe stenosis 
the flow is expected to redistribute to the remaining vessels. Therefore, 
by comparing the LDV inferred flow rate on both carotid arteries, it 
could be possible to detect unilateral stenosis and hence improve the 
sensitivity of the technique.   
 Currently running clinical studies will provide data to verify our 
findings.  
 
 
Figure 2. The healthy model and the 96% stenoses do not harbor 
flow instabilities, whereas the moderate and severe stenoses do.  
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